Abstract. A central composite rotatable design was used to estimate quadratic equations describing the relationship of irradiance, as measured by photosynthetic photon flux (PPF), and day (DT) and night (NT) temperatures to the growth and development of Rosa hybrida L. in controlled environments. Plants were subjected to 15 treatment combinations of the PPF, DT, and NT according to the coding of the design matrix. Day and night length were each 12 hours. Environmental factor ranges were chosen to include conditions representative of winter and spring commercial greenhouse production environments in the Midwestern United States. After an initial hard pinch, 11 plant growth characteristics were measured every 10 days and at flowering. Four plant characteristics were recorded to describe flower bud development. Response surface equations were displayed as three-dimensional plots, with DT and NT as the base axes and the plant character on the z-axis while PPF was held constant. Response surfaces illustrated the plant response to interactions of DT and NT, while comparisons between plots at different PPF showed the overall effect of PPF. Canonical analysis of all regression models revealed the stationary point and general shape of the response surface. All stationary points of the significant models were located outside the original design space, and all but one surface was a saddle shape. Both the plots and analysis showed greater stem diameter, as well as higher fresh and dry weights of stems, leaves, and flower buds to occur at flowering under combinations of low DT ( ≤ 17C) and low NT ( ≤ 14C). However, low DT and NT delayed both visible bud formation and development to flowering. Increased PPF increased overall flower stem quality by increasing stem diameter and the fresh and dry weights of all plant parts at flowering, as well as decreased time until visible bud formation and flowering. These results summarize measured development at flowering when the environment was kept constant throughout the entire plant growth cycle.
Growth and development of the greenhouse rose are strongly influenced by irradiance and temperature. Studies in the greenhouse Tsujita, 1979a, 1979b; Tsujita, 1982) and in growth chambers (Butt and Tsujita, 1986) have illustrated that flower weight increases with increasing irradiance. Yield, as flowers per square meter, also increases as irradiance increases either naturally (Post and Howland, 1946; Mattson and Widmer, 1971) or with artificial supplementation (Carpenter and Anderson, 1972; Cockshull, 1975; White and Richter, 1973) . PPF, those wavelengths of radiation in the 400-to 700-nm band, have been shown to have the most direct influence on plant growth (Savage, 1982) . Daily supplementation with as low as 65 µmol·m -2 ·s -1 for 12 h increased yield and quality while decreasing flowering time by 1 to 2 days during a period of five winter months from October to March (Tsujita, 1982) . Supplementation with 158 µmol·m -2 ·s -1 for 12 h more than doubled the yield over nonirradiated control plants while reducing flowering time by 4 to 5 days over the 4 months from October to January (Armitage and Tsujita, 1978a) .
Temperature has been shown to influence rate of plant development and flower quality. Low temperatures (10-12C) delayed development for some cultivars (DeVries et al., 1986; Hanan, 1979) and resulted in higher incidence of both blind shoots (bud atrophy) and "bullhead" development (malformed flowers) (Hanan, 1979; Moe, 1971) . The interaction between PPF and temperature has been demonstrated to have a significant impact on rose growth (Holcomb and Arteca, 1987; Jaio et al., 1988) .
Interactions between several independent environmental factors can be quantified using response surface methods (Myers, 1976) . Previous plant growth studies have enlisted the central composite experimental design to produce a rigorous mathematical representation of response surfaces (Armitage et al., 1981; Hammer and Langhans, 1976; Heins et al., 1986; Kraszewski and Ormrod, 1986) . A central composite rotatable design has the advantage of high efficiency when experimental units are homogeneous within a replication for a study of multiple factors, while rotatability allows uniform precision for predicted responses (Box and Draper, 1987; Box et al., 1978; Cochran and Cox, 1957; Kraszewski and Ormrod, 1986) . The objective of this study was to use a central composite rotatable design to develop quadratic regression models for the response surfaces of several plant characteristics that reflect rose growth and development. Canonical analysis (Myers, 1976) facilitated simplified description of these surfaces and a better understanding of how plant response changes with movement on these surfaces within the original design space.
Materials and Methods

General methods
All treatments were conducted in Sherer Model CEC 512-37 controlled-environment chambers (Sherer-Gillett, Marshall, Mich.). The compartment dimensions were 2.6 × 1.34 × 1.6
Abbreviations: DT, day temperature, NT, night temperature; PPF, photosynthetic photon flux. m (length × width × height), creating an interior volume of 5.57m 3 . The growth bench was 2.54 x 1.3 m. PPF was generated using combinations of 28, 2.44-m-long, 215-W and eight, 1.22-m-long, 115-W Sylvania Very High Output cool-white fluorescent lamps and 12, 75-W Sylvania Super Saver incandescent lamps (Sylvania Lighting Corp., Danvers, Mass.). PPF was measured throughout each treatment period using a LI-COR LI-185 meter with a LI-COR LI-190S quantum (photon) sensor (LI-COR, Lincoln, Neb.). The sensor was placed on a level platform at the top of the plant canopy. There was no barrier between the lamps and plants. PPF was adjusted by altering the number of lamps and distance of the plants from the lamps.
Relative humidity (RH) was measured using a Bendix Model 566-3 Psychron aspirated psychrometer (Bendix Environmental Science Division, Baltimore). Flooding the plant compartment floor resulted in an RH of 50% to 95%. A Sherer Transistorized Table 1 . Selected levels of environmental factors and the set points established according to the desirer matrix.
z Coded values from the design matrix for the central composite rotatable design.
Electronic Dual Controller (Model-2-113) was adjusted to achieve desired set points for the day/night temperature regime of each treatment based on temperature readings from the aspirated psychrometer. Readings were taken every 7 to 14 days throughout the course of the treatment as a spot check to confirm integrity of the control system. A temperature probe in the chamber linked to the controller was shielded from direct radiation with aluminum foil. Thirty-two XXX (highest grade) stock plants of 'Royalty' rose (E.G. Hill Co., Richmond, Ind.) were planted in 30-cmdiameter (15 liters) round plastic pots. The growing medium was 1 soil :2 sphagnum peat :2 perlite (by volume), pH 6.2, amended with the following nutrients (all per cubic meter): 744 g treble superphosphate, 496 g potassium nitrate, 496 g magnesium sulfate, 4 kg agricultural limestone, and 62 g Fritted Trace Element mix (Robert B. Peters Co., Allentown, Pa.). The plants were grown in a glass greenhouse with ambient irradiance and a 24/16C day/night cycle. Liquid fertilization with each irrigation provided 200 mg N/liter and 200 mg K/liter at pH 6.0 by injecting 75% (v/v) technical grade phosphoric acid into the system (29 mg P/liter). Periodic applications of monosodium ferric diethylenetriamine pentaacetate (Sequestrene 330) were made as a soil drench of 5.8 g/liter to prevent iron-deficiency chlorosis.
Plants used in the treatments were started as single-node cuttings from the stock plants. Cuttings were placed in a 6 sphagnum peat :4 perlite : 1 vermiculite (by volume) medium, pH The cuttings were held under intermittent mist (4 sec every 4 min during daylight) for 4 weeks at a constant 21C and ambient irradiance. During the study, a commercial antifungal preparation of 1 bromo-3-chloro-5,5 dimethyl-2,4-imidazolidinedione (Agribrom; Great Lakes Chemical Corp., West Lafayette, Ind.) was added to the mist system via an injector; this Table 2 Table 3 . Terms in four, full quadratic models and model significance for plant dry weight characteristics. The model form is:
z As shown in the design matrix in Table 1 . X PPF = coded photosynthetic photon flux; X DT = coded day temperature; X NT = coded night temperature.
Significantly different at P = 0.05, 0.01, or 0.001, respectively. z As shown in the design matrix in Table 1 . X PPF = coded photosynthetic photon flux; X DT = coded day temperature; X NT = coded night temperature. Significantly different at P = 0.05, 0.01, or 0.001, respectively.
prevented algae accumulation and improved overall cleanliness. After 4 weeks, the rooted cuttings were transplanted into 10-cm, square plastic pots (640 ml) of growing medium as was described for the stock plants, and mist was gradually reduced over 1 week before moving the plants to a growth chamber for treatment. Plants were acclimated to the growth chamber treatment conditions for 7 to 10 days before hard-pinching to leave two five-leaflet leaves on each new plant shoot. At the time of pinching, the 50 most uniform plants were selected for treatment, tagged, and randomized within the chamber. Daylength was 12 h in all treatments. Day encompassed 1130 to 2330 HR for chamber 1 and 1200 to 2400 HR for chamber 2; this enabled convenient monitoring of day and night regimes. The 7-to 10-day adjustment period before pinch and start of the treatment allowed diurnal rhythms to adjust to the artificial daylength. Fertilizer was applied in daily irrigations with an automatic timeclock-regulated system. Two time clocks (24 h and 30 min) wired in series allowed 5 to 10 min of watering for a 15-min period each day, depending on plant age and water requirements. The clocks engaged a submersible pump that supplied nutrient solution from a 114-liter plastic reservoir through a spaghetti-tube, nonrecirculating irrigation system, with two lead-weighted tubes in each pot. Each liter of fertilizer solution supplied 250 mg each of nitrogen and potassium and other essential elements by including the following: 2.45 g KN0 3 , 1.74 g NH 4 N0 3 , 0.02 g MgS0 4 , 0.02 g Soluble Trace Element Mix (Robert B. Peters Co.), and 18.9 ml of 25 ml 75% technical grade H 3 P0 4 . Every 10 to 14 days, additional iron was supplied in the chelated form, Sequestrene 330, as a soil drench of 5.8 g·liter -1 . Every 10 days, starting from the day of pinch, the growth from the topmost node was measured by destructive sampling of 10 plants until day 40 and at flowering. Additional shoots below the topmost node were removed after 10 days from pinch. Plant characteristics measured included number of nodes (NN), stem diameter, stem length, fresh weights of stem, leaves, and flower bud, as well as dry weights of stem, leaves, and flower bud. Flower development was measured for each plant by re-considered nonsignificant and were not included in the model. cording days from pinch until visible bud, first bud color, sepals These equations allowed response surfaces to be generated for were reflexed at 90° from main stem axis, and until flowering. each characteristic. Canonical analysis was performed on each
Statistical approach
Treatment combinations of PPF, DT, and NT were selected according to the central composite rotatable experimental design (Myers, 1976) (Table 1 ). The center point (treatment 6) was repeated five times to estimate experimental error. Treatments were randomly selected to be conducted in one of two growth chambers; treatments were not blocked.
Second-order polynomial equations were fit to the data by SAS data analysis (SAS, Cary, N. C.) using linear, quadratic, and cross-product terms of X PPF , X DT , and X NT (coded values of PPF, DT, and NT) to predict values of the plant characteristics at time of flowering. The higher-order interactions were equation by the SAS procedure RSREG. The stationary point (x 0 ), eigenvalues, ( ), and the orthogonal matrix of rotation (M) were determined as described by Myers (1976) .
The response surface was then rewritten in the canonical form:
, where k = 3, y = estimated response at some set of x vector values, y 0 = estimated response at the stationary point x 0 vector, = eigenvalue (characteristic root) of the matrix containing the coefficients of the quadratic and cross-product terms of the quadratic fitted response surface . equation, and w i = component of the response in the direction of the new w i -axis.
The M matrix transforms from the original x-coordinate sys- tem to a new w-coordinate system (see Table 5 ). The columns characteristics measured, except node number and stem length of the M matrix are eigenvectors corresponding to the eigen- (Tables 2-4 ). The high percentage of variability explained by values determined by the analysis. Canonical analysis deter-each regression model was indicated by high R 2 values, all of mined the nature of the stationary point (the x 0 vector combination which were above 0.75 for the significant models. Models fit of x values that defines where the slope of the response surface for time of flower development were highly significant and had is zero for all dimensions) and of the response surface simply R 2 values exceeding 0.99 (Table 4 ). The response surface for by observing sign and magnitude of the A values (Myers, 1976) . stem diameter revealed small-diameter stems occurred under both high DT and NT (Fig. 1A) , while large-diameter stems Results and Discussion were promoted if low DT (15C) was used in combination with The full quadratic regression models based on the means of high NT (22C). Stem diameter was also enhanced by increased 10 subsamples from each treatment were significant for all plant PPF, since a response surface corresponding to the highest PPF , (C) total dry weight for PPF = 100 µmol·m -2 ·s -1 , (D) total dry weight for PPF = 250 µmol·m -2 s -1 , (E) days to visible bud for PPF = 100 µmol·m -2 ·s -1 , (F) days to visible bud for PPF = 250 µmol·m -2 ·s -1 , (G) days to flower for PPF = 100 µmol·m -2 ·s -1 , (H) days to flower for PPF = 250 µmol·m -2 ·s -1 . Response surfaces were similar in shape for both fresh and dry weights of the stem, leaves, flower bud, and total flowering stem ( Fig. lB-I ). All response surfaces were saddle shapes by mathematical definition, except for stem fresh weight, which was a minimum or bowl shape. However, the shapes of the surfaces are not readily apparent since the stationary points are located a considerable distance outside the design space (Table  5 ). The least fresh and dry weights for all plant parts occurred at the highest DT (25C) and highest NT (22C), while greatest fresh and dry weights occurred for the lowest combinations of DT (15C) and NT (12C) (Fig. lB-I ). Environments that promoted increased quality, as measured by greater stem diameter as well as greater fresh and dry weights, also retarded flower development. This was illustrated for all flower development criteria, including time from pinch until visible bud, first bud color, sepal reflex, and flower harvest (Fig. lJ-M) . Under the constant environmental conditions provided from pinch until anthesis, time until anthesis was very nearly double the time until visible bud for all environments ( Fig. 1 J and M) . This general rule would not be expected to apply precisely under greenhouse growing conditions, since seasonal weather changes would create different environments pre-and postvisible bud. Armitage and Tsujita (1979a) concluded that increases in total fresh weight of flowers under supplemental PPF (158 µmol·m -2 ·s -1 ) resulted in increased stem diameter; yet, our study revealed increased fresh and dry weights of stems, leaves, and flower buds, as well as increased stem diameter, under higher PPF (250 µmol·m -2 ·s -l ). Although stem length has been observed to be reduced under supplemental PPF (Armitage and Tsujita, 1979a; Carpenter and Anderson, 1972; White and Richter, 1973) , no significant differences for stem length were observed in our study (data not shown). Yield, as measured by the number of roses produced over time, has been shown to increase under supplemental PPF Tsujita, 1979a, 1979b; Butt and Tsujita, 1986; Carpenter and Anderson, 1972; Cockshull, 1975; Holcomb and Arteca, 1987; Tsujita, 1982; White and Richter, 1973) , while Mattson and Widmer (1971) and Post and Howland (1946) found natural variation in solar radiation to similarly influence rose yield. In contrast, cultural methods in this study did not allow more than one flower to develop per plant, thereby limiting the observed yield. If yield is defined in terms of total carbon fixed into dry matter, then increased yield was observed when PPF was increased for this study as well. Irradiated rose plants in the greenhouse partition additional photosynthates into several sinks, thereby creating more flowering stems, each having little or no increases in weight (Armitage and Tsujita, 1979a; Holcomb and Arteca, 1987; Tsujita, 1982; White and Richter, 1973) . In these instances, however, calculation of the quality index (QI = yield × weight/ length), as described by Tsujita (1982) , accounts for the significant increases in carbon fixed by the plants receiving greater PPF.
Plants in our experiment increased in fresh and dry weights of stems, leaves, and flower buds under increased PPF ( Fig.  2A-D) , with no significant differences in partitioning between plant parts, unless shoots were blind, as under 50 µmol·m -2 ·s -1
PPF. This result contrasts with the findings of Butt and Tsujita (1986) , where a greater percentage of both fresh and dry matter was partitioned to the stem as PPF increased. Increased PPF also reduced the number of days until visible bud and flower over the design space ( Fig. 2E-H) . In particular, of the plants grown under 50 µmol·m -2 ·s -1 in treatment 1 (Table 1) , only one of the 10 plants grown to anthesis actually flowered; the remaining nine were blind, which indicates that PPF was indeed limiting in this lowest PPF treatment. Analyses conducted in this study used measurements from the single flowering plant as a representative mean for treatment 1. This did not influence the statistical significance of the regression and canonical analyses since the analyses used the means of the treatments for deriving the sums of squares upon which statistical tests were conducted. Overall, the model 10-cm pot system using singlestem plants produced flowers of size and quality similar to greenhouse production. Two representative plants from a repetition of the design center point illustrate the form and quality of typical flowers grown using these cultural techniques in growth chambers (Fig. 3) .
Budbreak and anthesis of hybrid tea-rose seedlings has been reported to be delayed under low temperatures (DeVries et al., 1986) . The delay of shoot growth and bud development to anthesis under low temperatures was confirmed with this study using 'Royalty'. However, the increased accumulation of fresh and dry weights in low DT and NT indicated quality was improved relative to higher temperatures. Hanan (1979) found that very low temperatures (4.4 and 10C) used in a split NT regime actually decreased quality, as measured by average stem length grade, but subsequently raising NT to 16.7C increased the yield of flowers with longer stems. Since the lowest DT and NT in this study were 15 and 12C, respectively, the adverse effect of very low temperatures was not observed, while the increased dry matter accumulation by plants at 12 to 17C was evident as compared with the dry matter accumulation at temperatures of 20 to 25C.
Quadratic regression models developed from the data allowed for a simple representation of plant response to the environment. These models apply specifically for constant environmental conditions from the time of pinching until anthesis. The general trends involving interactions between PPF, DT, and NT were conveniently represented as response surfaces that were easily interpretable. A more complex group of quadratic equations representing growth over 10-day periods should prove useful in formulating a dynamic model to predict growth over time under variable environments, such as in a greenhouse.
